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Role of Kinins and Prostaglandins as Mediators of Functional Hypersemia The blood supply to many organs is increased when they are active; at rest the blood flow is small and the vessels are constricted, the smaller ones sometimes being closed altogether. When an organ is activated, the vessels are dilated and blood flow is increased.
This fundamental vascular reaction varies according to the special needs of each organ. In skeletal muscle or exocrine glands, activity is intermittent and each burst of activity is accompanied by a strong short-lasting vasodilatation. In endocrine glands or adipose tissue, on the other hand, activity is almost continuous with prolonged periods of increased activity during which there is a moderate and prolonged increase in blood flow.
There have been two principal hypotheses based upon work on skeletal muscle and exocrine glands. First, Claude Bernard in 1858 postulated 'the nervous mechanism'; according to this the chorda tympani, the secretory nerve to the submandibular salivary gland, was reported to contain special vasodilator nerve fibres which, when stimulated, liberated a chemical mediator causing a vasodilatation. This view has been held by many workers, most of whom go on to say that these supposed vasodilator nerves are cholinergic nerves liberating acetylcholine from their endings. As the main nerve bundle in the chorda tympani is indeed cholinergic, it is not surprising that acetylcholine could be shown to be present about the gland. However, as the secretory response to chorda stimulation is abolished by small doses of atropine, whereas the vasodilator response is only slightly reduced (as shown in Fig 1) , it seems unlikely that this vascular response is wholly due to liberated acetylcholine. Such a response due to injected acetylcholine is readily abolished by atropine. The acetylcholine liberated from the secretory fibres, however, may well account for that part of the vasodilatation which is atropinesensitive. Gaskell, in 1877 , believed that the great increase in blood flow following muscle contraction was brought about by vasodilator nerve fibres which were stimulated at the same time as the motor fibres. In 1880, however, he advanced the theory that locally produced metabolites act onl the vessels to bring about the vasodilatation. This 'vasodilator metabolite' theory was later championed by Joseph Barcroft (1914) . He observed that, although atropine abolished the secretory effect of chorda stimulation, it did not completely inhibit the increased uptake of oxygen due to the metabolic activity which resulted from nerve stimulation. Barcroft interpreted this result as proof that metabolic activity in the gland cells results in the liberation of vasodilator metabolites.
The metabolic factors generally accepted as possible mediators of the vasodilatation, such as 02 lack, lactic acid and pH changes have now been virtually excluded from playing any major part in the response. There has so far been no adequate demonstration of the appearance of a vasodilator substance during muscle contraction. However, Grant (1938) obtained indirect evidence for the release of vasodilator substances. He observed that, if a muscle is made to contract while its blood flow is occluded, a normal vasodilator response is seen when the flow is re-established.
In 1953 Hilton and I took up this problem of the mechanism of functional vasodilatation in the salivary gland. We found that when the gland is activated, an enzyme called kallikrein is liberated from the secretory cells into the interstitial space where it acts upon an a2-globulin, forming, as shown in Fig 2 , a vasodilator polypeptide kinin (Hilton & Lewis 1955a , b, 1956 . I should like to recall our main points of evidence. First, we were able to repeat the experiment of Grant to show that a vasodilator substance was produced on activation of the gland which was more stable than acetylcholine because it could be held within the gland during occlusion of the blood supply. In the experiment of Fig 3, the time course and extent of the hyperemia following 15 sec stimulation of the chorda are seen at (a); occlusion of both artery and vein for 1 min produced a small reactive hyperamia at (b). However, when the chorda was stimulated during the first 15 sec of the same period of circulatory unrest, the hyperemia on re-establishing the circulation at (c) was as large as that seen after chorda stimulation in the ordinary way. This result is in agreement with the view that acetylcholine is released to act on the gland cells which, when activated, produced in their turn a more stable vasodilator substance.
Secondly, when we perfused the salivary gland with Locke's solution and collected the venous effluent, then a vasodilator substance which was not acetylcholine was present during activation. On re-injection into the gland after its normal blood supply had been re-established, this perfusate produced a pronounced vasodilatation as illustrated in Fig 4. Finally, although this active perfusate contained a vasodilator material, it did not contract isolated smooth muscle preparations unless the perfusate was first incubated with plasma proteins. The explanation, as we now know, was that the enzyme kallikrein was the substance released from the secretory cells of the gland; and before dilatation of blood vessels or contraction of isolated smooth muscle could occur it was necessary for kallikrein to act on kininogen, the plasma globulin substrate, to form the active peptide. The whole process is illustrated graphically in Fig 5. Kallikrein is present, not only in the salivary glands, but in all exocrine glands and their secretions . It seems likely that in all these glands, kinin formation might account for the vasodilatation accompanying glandular acti- Cat, 3-5 kg. Records ofvenous outflowfrom isolated submandibular 2ry gland (Thorpe impulse counter) and ofarterial bloodpressure. t ofstimulation ofchordolingualnervefor2O sec (a), ofarterial (ions ofI mlperfusate collectedpreviouslyfrom the gland during 15 sec ia stimulation (b), and of) miperfusate collected from the gland at rest Reproducedfrom Hilton & Lewis 1955a, by kindpermission) vity. In human sweat, Fox & Hilton (1958) found kallikrein, and by analogy between sweat glands and salivary glands it seems likely that the vasodilatation in human skin during body heating is due to kinin formation following activation of the sweat glands which occurs during the heating.
It was an attractive idea that the functional vasodilatation in skeletal muscle might also be brought about by a kinin. But Hilton and I failed to show any involvement of the kinin-forming system in this tissue. We examined not only the gastrocnemius muscle but also the tongue (Hilton & Lewis 1958) . The latter is particularly interesting because it possessed both skeletal muscle and glandular tissue. We were able to show that, whereas activation of the secretory elements following stimulation of the chordolingual nerve was accompanied by an output of kallikrein into the perfusing fluid, there was no such output during contraction of -the skeletal muscle after stimulation of the hypoglossal nerve. The mechanism of functional hypermmia in skeletal muscle therefore remains a mystery. The nervous mechanism, however, has not yet been abandoned completely. Sympathetic cholinergic vasodilator fibres are known to supply vascular beds in skeletal muscle (Folkow & Uvnas 1948 ), but their importance in functional hypertmia seems doubul.
Setacter and lis collepes£.(see Schachter 196)ve poitd out several ar s aginst the 'kinin-forming' theory, but all thes have been answered satisfactorily (Hilton 1966 , Lewis 1967 ). One point made was that endocrine glands, on the whole, do not contain kallikrein either in their tissue or in their scretions. It seems unlikely, therefore, that the kinin-forming systen is invohled in these glands. This is not surprising since the nature of the activity in endocrine tissue, i.e. periods of prolonged activity, might be expected to require a different mechanism. The same applies for adipose tissue. It seems possible that there exist two mechanisms of fat mobilization from adipose tissue. The first, mediated by the sympathetic nervous system, would mobilize free fatty acids (FFA) rapidly and act for a comparatively short time in response to a sudden demand for energy. Secondly, a humoral control of FFA release mediated by hormones from the anterior pituitary gland would provide a prolonged release of FFA and may be utilized when there is a sustained demand.
Although there is abundant evidence that catecholamines cause the mobilization of fat from some fat pads, they are not active in all fat stores and in some species are totally inactive in this respect. Hormonal control of fat mobilization exists in all species so far examined and in some it is the predominant mechanism. Although we do not yet know whether this is the situation in man, it is so in rabbits.
Matthews and I have recently examined the problem of functional vasodilatation in rabbit adipose tissue (Lewis & Matthews 1968 , 1970 . This tissue behaves rather like endocrine tissue in that the products of its activityfree fatty acidsare secreted into the blood stream and this activity occurs over prolonged periods of time. A relationship between blood supply and activity was indicated im 1895 by Hammar, who observed that in obese individuals in whom fat is not being mobilized, the tissue is much lighter in colour, i.e. the blood vessels are more constricted than in starved individuals where fat is being mobilized and the tissue contains more blood. Similar observations hae been made by later workers, indicating that during release of free fatty acids there is an incased blood conent in the fat tissue. Matthews and I showed, by direc blood flow measurement, that when the rabtit epigastric adipose tissue was activated by close arterial injection or infusion of fat-mobilins iubstances, the release of free fatty acids was *ed by a prolonged vasodilatation as shown in Fig 6. Although it seems ely that this vasodilatation is mediated through vasodilator nerve fibres, Oro et aL (1965) found that in dogs, during a 10 min period of epigastric nerve s , there was a strong constriction with no free fatty acid release, but during the 20-30 min which followed, there was a release of FFA accompanied by an increased blood flow. Ngai et al. (1966) and Rosell (1966) concluded that the vasoconstrictor nerves are sympathetic in origin and adrenergic in nature and are similar to those innervating the blood vessels of skeletal muscle and skin. But the vasodilator response was not brought about by activation of the sympathetic cholinergic vasodilator outflow in the hypothalamus, thus excluding the presence of cholinergic vasodilator nerve fibres similar to those described in muscle.
Matthews and I have found an alternative explanation for the vasodilatation. We observed that when the adipose tissue was activated, not only was there release of FFA and vasodilatation but that a vasodilator substance was formed or released in the tissue. We were unable to detect the substance in effluent blood or perfusing fluid during activation, but extracts of the activated fat pad contained a vasodilator substance which closely resembled a prostaglandin of the E series (Lewis & Matthews 1969) . Fig 7 illustrates the vasodilator activity of an extract of an activated epigastric fat pad compared with that of an extract of the contralateral resting epigastric fat pad. The active extract produced a vasodilatation which was extremely prolonged, similar to that produced during activation of the tissue. Further, on close arterial injection into the rabbit epigastric fat pad, prostaglandins of the E series produced a similar pronounced effect (Fig 8) .
The finding that functional vasodilatation in adipose tissue might be initiated by a prostaglandin is in agreement with an earlier observation of Shaw & Ramwell (1968) , who found that in isolated rat epididymal fat pads there was a small spontaneous release of a prostaglandin-like It is possible that a prostaglandin is present in endocrine glands as well as adipose tissue and here, too, it might mediate the vasodilatation accompanying activity. An increase in adrenal blood flow has been described by Holtzbauer & Vogt (1957) after administration of ACTH, but these authors as well as Staehelin et al. (1965) found that the vasodilatation was not linked to the increase in synthetic activity but is an independent effect of ACTH on adrenal cortical tissue. However, Maier & Staehelin (1968) suggest that, as well as causing steroidogenesis, ACTH might cleave the tetraenoic acids, i.e. the precursors of the prostaglandins, which are present in the adrenals and this would lead to prostaglandin formation. Furthermore, Ramwell et al. (1966) have shown that prostaglandins are released during catecholamine secretion from the adrenal glands.
So there are at least some interesting data supporting the view that prostaglandins might mediate the vasodilatation accompanying activity in both adipose tissue and the adrenal glands. But whether a prostaglandin plays the role in all endocrine glands which bradykinin plays in exocrine glands remains to be seen.
